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A  STUDY  OF  AUTOMATIC  ELECTRIC  FIRE  PUMPS, 

The  needless  destruction  of  life  and  property  each 
year,  by  fire,  is  gradtmlly  educating;  the  people  to  the  nec- 
essity of  building  correctly  and  of  equipping  such  buildings 
with  the  proper  protective  apparatus.  Thus  it  is  that  private 
pumping  machinery  is  comming  into  more  and  more  general  use, 
especially  in  outlying  districts  and  where  the  public  water 
supply  is  of  the  low  pressiire  type.   In  order  that  automatic 
sprinklers  and  private  yard  mains  and  equipments  may  give 
the  most  satisfactory  results,  it  is  necessary;  first,  that 
an  abijndant  supply  of  water  be  on  hand  at  all  times;  second, 
that  it  may  be  supplied  instantly;  third,  that  the  head  be 
sufficient  for  good  working  conditions.  A  gravity  system, 
although  usually  fulfilling  the  latter  two  conditions,  is 
rarely  able  to  meet  the  first.  Probably  the  method  which 
would  most  satisfactorily  fulfil  the  above  three  requirements 
is  the  use  of  automatically  controlled  pumps. 

It  is  the  object  of  this  thesis  to  familiarize  the 
writers  with  the  various  parte  of  autor.atio  electric  fire 
pump  equipments,  and  to  derive  a  formula  for  the  minimum  size 
of  air  tank  permissable  for  a  given  installation. 

The  air  tank  for  any  given  pump  and  controller  should 
be  as  small  as  possible,  and  still  perform  its  functions 
properly,  because  the  cost  of  such  a  tank  increases  much  more 
rapidly  than  the  size.   If,  however,  the  air  cushion  be  too 
small,  the  pump  will  be  required  to  start  and  stop  so  frequently 
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as  to  overheat  the  resistances  of  the  controller.   The  size 
of  presBiore  tank  must  therefore,  be  properly  proportioned 
to  the  time  elements  of  the  controller.  The  neoeBsity  for 
a  formula,  such  as  we  have  attempted  to  derive,  is  therefore 
evident. 

The  parts  entering  into  an  automatic  electric  fire 
pump  equipment  are,  an  electrically  driven  pump,  an  air  or 
pressure  tank,  a  controller  for  starting  and  stopping  the 
pump,  and  an  adjustable  pressure  regulator  which  throws  the 
controller  in  and  out  of  service  when  the  pressure  in  the 
tank  has  reached  the  proper  points.   The  pressure  tank  is 
connected  directly  to  the  main  into  which  the  pump  discharges, 
thus  keeping  the  pressure  in  the  system  equal  to  that  in  the 
tank.  The  pressure  regulator  is  connected  directly  to  the 
pressure  tank  by  means  of  a  small  pipe,  so  that  the  pressure 
of  the  system  can  act  upon  it.  This  regulator  is  so  made 
that  when  the  pressure  in  the  system  drops  to  a  certain  point, 
an  electrical  contact  is  made  thus  bringing  the  pump  into 
service  by  means  of  the  controller.  The  maximiom  presstu^e 
for  which  it  is  set  throws  the  controller  out  of  service  and 
thus  stops  the  pump. 

The  action  of  such  an  equipment  can  be  described  as 
follows:-    THien  the  system  is  first  called  upon  for  water, 
the  pressure  tank  will  furnish  the  demand,  till  the  pressure 
in  the  tank  has  reached  the  cutting-in  point  for  which  the 
controller  is  set.  The  pump  then  starts  but  does  not  reach 
full  speed  immediately  but  gradually  accelerates.   In  the 
mean  time  the  discharge  from  the  system  is  nearly  constant. 


consequently  until  the  piomp  acquires  sufficient  speed  to 
furnish  the  demand,  the  tanlc  Vvdll  continue  to  furnish  some 
water  to  the  system.  As  the  pump  speeds  up,  it  discharges 
more  and  more  water  to  the  system,  the  tank  in  the  meantime 
supplying  less  and  less;  at  some  intermediate  speed,  the 
pump  will  overpower  the  tank  and  supply  the  system  alone . 
Beyond  this  point  the  pump  discharges  the  surplus  into  the 
tank,  compressing  the  air  until  the  pressure  is  raised  to 
that  at  which  the  controller  is  set  to  cut  out,  the  p^unp  in 
the  meantime  having  reached  full  speed.  After  the  pump  is 
cut  out,  the  tank  again  supplies  the  discharge  and  the  cycle 
has  been  completed. 

Three  cases  are  graphically  illustrated,  on  the  follow- 
ing blue  prints,  showing  the  relations  existing  between 
tank  and  pump  discharges,  for  as  many  rates  of  discharge 
from  the  system.   In  the  first  case,  we  will  consider  the 
conditions  when  the  discharge  from  the  system  equals  one-half 
the  capacity  of  the  pump.  This  discharge  is  constant  and  is 
represented  on  the  first  curve  sheet  by  line  ABB'  ,  v/hile  the 
total  pump  capacity  is  represented  by  a  line  of  double  the 
ordinate  of  ABB',  at  DD' .  At  the  beginning  of  a  cycle,  the 
pump  starts  and  begins  to  take  up  a  part  of  the  load;  in  the 
present  discussion  we  will  assiime  that  the  acceleration  is 
uniform.   Just  as  the  pump  starts  the  tank  is  supplying  the 
entire  demand  on  the  system,  but  as  the  pxomp  speeds  up  it 
assumes  the  load  and  the  work  done  by  the  tank  is  decreased. 
The  work  done  by  the  pump,  during  the  acceleration  period, 
is  shown  by  the  line  OXBD,  and  that  by  the  tank,  by  the  line 
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AXCE.   In  this  case,  when  the  piomp  has  reached  half  speed, 
it  maintains  the  system  discharge  and  after  that  begins  to 
charge  the  tank.  At  the  end  of  the  acceleration  period,  D, 
the  tank  discharge  is  a  maximujD  and  so  remains  till  the  tank 
pressure  is  raised  to  the  cutting-out  point.  In  cases  two 
and  three  the  general  action  of  the  system  is  represented 
respectively  for  system  discharges  of  one-qu3rter  and  three- 
quarters  the  pvanp  capacity.   The  graphical  solutions  are 
shown  by  the  second  and  third  curve  sheets. 

It  will  be  shown  that  the  total  period  is  a  minimum 
when  the  system  is  discharginp  at  a  rate  equal  to  half  the 
capacity  of  the  pump. 

When  the  system  discharge  is  equal  to  half  the  capacity 
of  the  pump,  the  periods  of  run  and  rest  will  be  practically 
equal.  This  is  true  because  at  full  speed  the  pump  delivers 
half  the  water  to  the  tank  and  half  to  the  outlets.   Since 
the  periods  of  run  and  rest  are  nearly  equal  we  can  represent 
the  time  of  each  by  1.  The  total  period  of  the  controller 
can  then  be  represented  by  2. 

In  the  second  case  -under  consideration,  the  system  dis- 
charge equals  one-fourth  the  pump  capacity.  The  pi.imp  then 
delivers  three-quarters  of  its  capacity  to  the  tank  or  one- 
quarter  more  than  before.   It  is  evident  that  the  same  amount 
of  water  as  before  is  rgquired  to  raise  the  pressure  in  the 
tank  from  the  cutting-in  to  the  cutting-out  point,  regardless 
of  the  rate  of  delivery.  As  the  rate  of  delivery  to  the  tank 
is  now  three-halves  as  great  as  in  the  first  case,  the  cutt- 
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Ing  out  point  will  be  reached  in  two-thirds  the  time.  After 
the  pi-imp  has  stopped,  the  tank  must  discharge  the  same  amount 
of  water  as  in  the  previous  case,  hut  at  half  the  rate,  re- 
quiring twice  the  previous  discharge  period.   In  this  case 
the  total  period  will  bo  2-2/3  as  compared  with  2  in  the 
first. 

In  the  third  case,  the  system  discharge  is  increased 
to  three-quarters  of  the  pump  capacity.   The  pump  will  then 
deliver  one-fourth  of  its  rated  capacity  to  the  tank,  or 
one-fourth  more  than  in  the  first  case  considered.   Since, 
however,  the  same  amount  of  water  as  before  is  requir'ed  to 
vary  the  tank  pressure  between  the  same  limits,  regardless 
of  the  rate  of  delivery,  and  as  the  rate  of  delivery  to  the 
tank  is  now  one-half  as  great  as  in  the  first  case,  it  followa 
that  the  running  period  is  twice  as  long.  After  the  pump  has 
stopped  the  tank  must  discharge  the  same  quantity  as  before 
but  at  three-halves  the  rate,  requiring  two-thirds  the  dis- 
charge period  of  case  one.  Thus  the  period  of  operation  of 
the  controller  is  2-2/3  as  compared  with  2  in  the  first  case. 

These  three  cases  are  sufficient  to  show  that  the  min- 
imum controller  period  occurs  when  the  discharge  from  the 
system  is  one-half  the  pump  capacity. 

fThen  the  system  discharge  equals  one-half  the  pump 
capacity,  the  pump  delivers  to  the  tank  one-fourth  as  much 
water  during  the  acceleration  period  as  it  does  in  the  same 
time  while  running  at  full  speed.  This  is  true  for  the  reason 
that  during  the  first  half  of  the  acceleration  period  the 
pump  delivers  no  water  to  the  tank, and  during  the  second  half 
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of  the  controller  period  it  delivers  half  of  its  capacity  to 
the  tank  and  half  to  the  oiitlets.  Thus  it  will  be  seen  that 
the  amoiont  of  water  delivered  to  the  tank  during  the  accoler- 
ation  period,  is  one-fourth  as  much  as  would  be  delivered  if 
the  piunp  were  working  at  full  speed  for  one-fourth  the  acc- 
eleration period. 

Several  tests  were  made  on  an  automatic  electric  fire 
pump  equipment,  at  the  Underv/ritera*  Laboratories,  #  382  E. 
Ohio  St.,  Chicago,  111.,  by  the  writers.   The  object  of  these 
tests  was  to  note  the  effect  that  the  rate  of  discharge  had 
upon  the  system^.  The  apparatus  is  especially  adapted  for 
test  purposes,  and  raay  be  described  as  follows :- 

The  pump  is  a  500  gallon  Quimby  screw  pump,  direct  con- 
nected to  a  50  H.  P.  compound  wound  D,  C.  motor.   The  pressure 
tank  is  constructed  of  boiler  steel,  and  has  a  capacity  of 
4500  gallons.   Gauge  glasses  are  provided  so  that  the  height 
of  water  in  the  tank  can  be  seen  and  measured  by  means  of  an 
attached  scale,  which  is  calibrated  to  read  in  100  gallon  steps. 

The  pump  can  be  controlled  either  manually  or  by  an  auto- 
matic controller.  The  manual  controller  is  of  the  ordinary 
street  car  type,  operating  on  either  110  or  220  volts,  as 
desired.  The  purpose  of  the  hand  control  is  to  enable  the  pump 
to  be  used  when  the  pressure  tank  is  out  of  service.  The  auto- 
matic controller  is  of  the  Cutler-Hammer  !Ifg,  Go's  multiple 
solenoid  self-starter'  type,  and  is  so  constructed  that  it  brings 
the  pump  up  to  full  speed  gradually.  This  is  accomplished  by 
cutting  resistance,  in  the  proper  steps,  out  of  the  armature 
circuit  by  means  of  brush  contact  switches  operated  by  solenoids, 
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The  controller  is  so  arranged  that  a  pilot  self-starter,  of 
the  solenoid  type,  has  its  windings  connected  directly  across 
the  main  line,  thus  receiving  power  as  soon  as  the  armature 
circuit  is  closed  by  the  pressure  regulator.   It  gradually 
lifts  a  lever  over  a  number  of  contacts  at  a  speed  dependent 
upon  the  adjustment  of  the  retarding  dash-pot.  The  lever  of 
this  self-starter,  through  the  several  contacts  over  which  it 
passes,  controls  directly  the  solenoids  which  in  turn  control 
the  armature  starting  resistance,  so  that  as  the  self-starter 
lifts,  the  several  solenoid  switches  lift  in  succession,  thus 
gradually  cutting  out  the  armature  starting  resistance.  As 
the  lever  passes  on,  the  resistance  solenoids  are  cut  out  of 
service  again,  so  that  in  the  running  position  of  the  master 
solenoid,  only  the  last  resistance  switch,  that  is,  the  switch 
which  short  circuits  all  the  starting  resistance,  remains 
closed,  all  the  other  solenoids  which  control  the  resistance 
sections  being  out  of  circuit. 

The  amount  of  air  cushion  in  the  pressure  tank  was  varied 
for  each  of  the  different  runs.  The  reason  for  changing  the 
size  of  air  cushion  for  the  various  runs,  was  to  note  the  eff- 
ect on  the  different  periods  of  the  controller;  running,  resting, 
and  total,  for  given  discharges.   To  get,  for  example,  a  1000 
gallon  air  cushion,  air  was  pumped  into  the  pressure  tank,  by 
means  of  a  Christonsen  air  compressor,  when  it  contained  about 
100  gallons  of  water,  mien  a  pressure  of  about  15#  was  obtain- 
ed, the  air  compressor  was  stopped  and  the  pump  started.  As  the 
tank  filled  with  water,  the  air  cushion  was  decreased  in  size 
and  the  pressiore  increased.   In  most  of  the  runs,  the  controll- 


ing  gauge  was  set  so  that  cut-out  occured  at  105#  pressure,  ooh- 
sequently  it  was  at  that  pressure  that  the  required  volume  of 
air  ^a.B   desired.   Starting  with  an  initial  pressure  of  15#  made 
the  cutting-out  pressure  occur  with  an  air  cushion  of  approxi- 
mately 1100  gallons.  The  excess  volume  of  air  was  then  slowly 
drawn  off  till  the  cutting-out  point  occured  at  the  desired 
volume. 

The  system  was  discharged  through  a  meter  nozzle,  by 
means  of  which  the  rate  of  discharge  could  be  accurately  detor<- 
mined.  The  nozzle  has  ten  tips,  varying  in  size  from  1/2"  to 
2-1/2"  in  diameter,  by  means  of  T/hich  any  discharge  up  to  about 
2500  gallons  per  minute  can  be  obtained.  The  nozzle  has  a 
piezometer  gauge  comiection  so  that  the  pressure  at  the  base  of 
the  nozzle  may  be  determined.   By  knowing  this  pressure  and 
the  size  of  tip  used,  the  rate  of  discharge  in  gallons  per 
minute  can  be  determined  by  means  of  a  logarithmic  chart. 

In  each  of  the  runs  the  discharge  was  varied  from  betv/een 
30  -  40  gallons  per  minute,  to  the  maximum  capacity  of  the 
pump,  450  -  500  gallons  per  minute.   The  discharge  was  regulatdd 
by  means  of  the  different  sized  tips  and  by  tlirottling  the 
pressure  with  a  valve  in  the  discharge  pipe.  T?hen  the  desired 
rate  of  flow  was  obtained,  the  acceleration,  running,  and  rest- 
ing periods  of  the  controller,  were  taken  by  means  of  a  stop 
watch.  To  insure  acctiracy,  the  controller  was  allowed  to  go 
through  three  cojaplete  cycles  of  operations,  the  lengths  of 
the  different  periods  being  taken  in  each  case,  and  the  results 
averaged.  The  pressure  regulator  was  set  so  that  the  cutting- 
in  point  was  at  90#,  for  most  of  the  runs,  and  the  cutting- 
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out  point  at  105#.  This  variation  of  pressure  caused  a  var- 
iation in  pressure  at  the  nozzle  which  had  to  be  taken  into 
account.  The  maximum  and  minimiim  pressures  for  each  cycle 
and  the  discharge  for  each  pressure  were  determined.   The  true 
discharge  was  taken  as  the  average  of  the  tv.-o.   The  miniijum 
and  maximum  tank  pressures,  for  each  cycle,  were  also  obtained. 

The  data  was  tabulated  under  the  following  heads,  aoc, 
eleration  period,  running  period,  resting  period,  total  period, 
gallons  per  minute,  minimum  pressure  and  maximum  pressure. 
Curves  were  plotted  shov/ing  the  relation  between  the  discharge, 
in  gallons  per  minute  and  the  total,  running,  and  resting 
periods  of  the  pump;  also  between  the  discharge  and  minimizm 
and  maximi;im  pressures.  The  curves  for  each  log  sheet  will  be 
found  on  the  blue  print  immediately  follo?:ing  it. 

The  capacity  of  the  pump,  while  operating  between  the 
minimum  and  maximum  pressures  used  in  obtaining  the  experimen- 
tal data,  was  determined  by  the  use  of  the  meter  nozzle.  The 
data  was  tabulated  and  it  will  be  found  on  the  following  page; 
the  curve  showing  the  discharge  graphically,  is  on  the  succeed- 
ing page. 

Calculation  Of  Formula. 
In  determining  the  correct  size  of  pressure  tank  for  a 
given  installation,  five  factors  have  to  be  considered;  first, 
the  minimum  total  period  of  the  controller  allowable  without 
overheating;  second,  the  acceleration  period  of  the  pump;  third 
the  variation  in  pressure,  at  heavy  discharges,  which  takes 
place  during  the  acceleration  period  of  the  pump;  fourth,  the 
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Pounds  Pressure  Pump  Discharge 

at  Pump.  in  Gallons. 

109.0  493.0 

111.0  492,0 

104,0  498,0 

97,0  510,0 

85.0  530.0 

77,0       ^  540,0 
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Ace. 

Riinning 

Resting 

Total 

Gallons  per 

Period. 

Period. 

Period. 

Period. 

Minute . 

9,2 

13.4 

253. e 

258.4 

34.5 

13.3 

15.0 

34.0 

112.3 

102.0 

12.2 

18.1 

62.1 

92.4 

141.5 

11.5 

22.8 

42.6 

76.9 

200.0 

12.2 

28.6 

32.6 

73.4 

259.5 

13.0 

41.6 

25.3 

79.9 

331,0 

12.7 

67.4 

21.5 

101,6 

385.0 

12.3 

lis  .4 

18.7 

147  .4 

443.0 

Air  cushion,  at  cutting  out  point,  915  gallons, 
Air  cushion,  at  cutting  in  point,  1040  gallons, 
Cutting  in  pressure,  77  pounds. 
Gutting  out  pressure,  96  pounds. 
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Ace. 
^eriod. 

Runninn; 
Period. 

Resting 
Period. 

Total 
Period. 

Gallons 

per 
Minute . 

Minimum 
Pressure. 

Maximiim 
Pressure 

14.2 

10.8 

129.1 

154.1 

38.4 

90.0 

105.0 

14.9 

10.3 

103.9 

133.1 

63.0 

90.0 

105.0 

14.7 

12.5 

67.9 

95.1 

105.0 

90.0 

10  J.  5 

14.7 

14.7 

52.7 

82.1 

140.5 

89.5 

104.0 

14.9 

20.5 

35.8 

71.2 

202.0 

89.0 

104.0 

14.4 

27.4 

29.0 

70,8 

253.5 

88.5 

104.0 

13.4 

35.9 

24.3 

73.6 

304.0 

38.0 

104.0 

12.0 

56.3 

20.4 

38.7 

358.5 

87.5 

104.0 

11.2 

82.9 

17.2 

111.3 

407.5 

87.5 

103.5 

11.8 

121.0 

16.0 

143.8 

440.0 

87.0 

103.5 

Air  cushion  at  cutting  out  point,  1114  gallons, 
Air  cushion  at  cutting  in  point,  1252  gallons. 
Gutting  in  pressure,  90  po-unds. 
Cutting  out  pressure,  104.5  pounds. 
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Acc. 
Period. 

Rimning 
Period. 

Resting 
Period. 

Total 
Period. 

Gallons 
per 

Minute . 

Minimiim 
Presauro . 

Maximum 
Pressure 

IS. 9 

4.0 

124.8 

145.55 

43.5 

90.0 

105.0 

16.3 

4.3 

93.3 

113.9 

58.5 

90.0 

105.0 

15.3 

6.2 

61.0 

83.0 

89.5 

89.5 

104.8 

15.5 

7.6 

48.1 

71.2 

113.0 

89.0 

104.7 

13.7 

10.5 

36.5 

50.7 

154.0 

39.0 

104.6 

14.4 

13.8 

29.0 

57.2 

194.0 

88.5 

10«.6 

9.3 

21.3 

20.6 

51.2 

252.5 

38.5 

104.5 

9.0 

29.7 

17.4 

56.1 

315.0 

88.0 

104.4 

8,S 

43.0 

14.4 

66.2 

367.5 

87.0 

104.3 

8.3 

53.0 

13.2 

75.0 

396.0 

86.5 

104.2 

3.5 

77.0 

13.0 

98.5 

422.5 

86.0 

104.0 

9.2 

114.0 

12.3 

135.5 

440.0 

86.0 

104.0 

Air  cushion,  at  cutting  out  point,  765  gallons. 
Air  cushion,  at  cutting  in  point,  854  gallons. 
Gutting  in  pressure,  90  pounds. 
Cutting  out  pressure,  105  pounds. 
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Ace. 

Running 

Hasting 

Total 

Gallons 

Minimum 

Maximum 

Period. 

Period. 

Period. 

Period. 

per 
Minute . 

Pressure. 

Pressure 

18.6 

0.0 

109.2 

127.8 

36.8 

89.0 

105.0 

16.8 

1.4 

62.4 

80.6 

64.8 

88.5 

105.5 

16.9 

2.7 

42.8 

62;4 

97.3 

83.0 

105.0 

17.3 

5.7 

27.5 

50.5 

152.0 

87  ;0 

105.0 

17.3 

8.7 

20.9 

46.9 

202.0 

86.0 

104.5 

16.8 

14.7 

16.7 

48.2 

252.5 

85.5 

104.0 

IS. 8 

18.6 

14.3 

50.2 

293.0 

85.0 

104.0 

17.9 

37.1 

11.1 

66.1 

362.5 

84.0 

104.0 

17.7 

49.9 

10.4 

78.0 

387.5 

33.5 

104.0 

16.8 

93.3 

9.3 

119.4 

435.0 

83.0 

104.0 

Air  cushion,  at  cutting  out  point,  527  gallons. 
Air  cushion,  at  cuttin^',  in  point,  611  gallons. 
Cutting  in  pressure,  90.5  pounds. 
Cutting  out  pressure,  105.5  poiinds. 
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Acc. 

'eriod. 

Running 

Period. 

Resting 
Period. 

Total 
Period. 

Gallons 
per 

Minute . 

Minimum 
Pressure . 

Maximum 
Pressure 

13.1 

0.3 

62.1 

75.5 

35.5 

90.5 

106.5 

11.7 

2.5 

45.1 

58.4 

62.5 

90.0 

106.5 

10.7 

4.8 

30.0 

45.4 

99.0 

89.0 

106.0 

13.3 

5.5 

18.9 

35.7 

153.0 

88,5 

105.8 

13.3 

7.4 

14.4 

35.1 

208.0 

87.5 

105.5 

13.4 

10.2 

11.9 

35.5 

253.5 

86.5 

105.3 

ir.8 

15.8 

9.9 

38.5 

301.0 

35.2 

105.0 

10.3 

26.9 

7.8 

45.0 

366.0 

84.5 

105.0 

9.3 

38.4 

7.1 

54.8 

407.5 

84.0 

105.0 

8.6 

47.1 

6.5 

62.2 

427.5 

83.4 

104.7 

8.9 

122.1 

5.3 

137.3 

467.5 

83.0 

104.5 

Air  cushion, at  cutting  out  point,  370.5  gallons. 
Air  cushion,  at  cutting  In  point,  406.5  gallons. 
Gutting  in  pressure,  90.5  pounds. 
Cutting  out  pressure,  105.5  pounds. 
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Aco. 

>eriod. 

Running; 
Pariod, 

Resting 
Period. 

Total 
Period. 

Gallons 

per 
Minute . 

Minimum 
Pressure. 

Maximum 
Pro3Bure 

10.3 

13.9 

250.6 

274.8 

34.3 

80.5 

105.5 

9.7 

14.6 

122.9 

147.2 

62.5 

30.2 

105.5 

9.7 

13.1 

86.1 

111.9 

92.0 

80,0 

105.5 

9.2 

19.7 

51.5 

80.4 

149.0 

79,5 

105.2 

9.8 

25.6 

38.9 

74.3 

206.0 

79.0 

105.0 

9.7 

30.6 

32.7 

73.0 

249.0 

78.5 

105.0 

9.5 

40.4 

26.4 

76.3 

293.5 

78.5 

105.0 

10.0 

51.3 

23.2 

84.5 

352.5 

77.5 

104.5 

9.3 

72.2 

18.5 

100.0 

402.5 

77.3 

104.5 

9.0 

99.0 

17.4 

125.4 

430.0 

77.1 

104.5 

9.1 

127.2 

17.3 

153.6 

435.0 

77.0 

104.5 

Air  cushion,  at  cutting  out  point,  604  gallons 
Air  cushion,  at  cutting  in  point,  727  gallons. 
Cutting  in  pressure,  80,5  poiinda . 
Cutting  out  pressure,  105  pounds. 
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cuttlng-ln  and  cutting-out  pressures  of  the  aystem;  fifth,  the 
discharge  of  tha  pmnp  at  full  speed  and  average  head. 

The  minimum  total  period  is  of  importance  because  as  the 
total  period  increases,  the  amount  of  water  necessary  to  sup- 
ply the  system  -while  the  pump  is  out  of  service,  also  increases, 
The  acceleration  period  has  to  be  taken  into  account  because 
the  full-speed  period  la  less  than  the  running  period  by  a 
time  equal  to  the  acceleration  period;  the  pump  therefore  sup- 
plying less  T^ater  during  the  running  period  than  during  a  full- 
speed  period  of  the  same  length.  TThen  the  controller  starts 
the  pump,  the  demand  upon  the  system  is  greater  than  the  pujnp 
alone  can  supply,  consequently  the  tank  has  to  furnish  a  part 
of  it  till  the  pump  attains  sufficient  speed  to  furnish  all. 
Since  the  pump  does  not  come  to  full  speed  instantly,  the  press- 
ure in  the  tank  will  drop  below  the  cutting- in  point.  This  de- 
crease in  press^ore  will  vary  with  the  discharge  from  the  system 
and  will  therefore  reach  a  maximum  when  the  demand  upon  the 
aystem  is  just  enough  belov^r  the  maximum  capacity  of  the  pump 
to  allow  the  system  to  work  automatically.   The  importance  of 
the  third  consideration  in  therefore  evident,  for  with  small 
discharges  the  system  would  perhaps  work  all  right  even  if  this 
factor  were  not  taken  care  of,  yet  with  heavy  discharges  a  part 
or  all  of  the  air  cushion  might  be  discharged  from  the  tank, 
thus  destroying  the  end  for  which  the  tank  is  installed.   The 
fourth  consideration  cannot  be  neglected  because  the  volume  of 
water  necessary  to  raise  the  pressure  from  cutting-in  to  the 
cuttlng-out  point  has  to  be  supplied  by  the  pump  and  diacha.rged 
from  the  system  during  the  allowable  controller  period.   The 
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capacity  of  the  pijmp  is  of  importance  because  the  time  necess- 
ary to  restore  pressure  varies  inversely  with  it. 

In  all  calculations  the  following  symbols  will  be  used:- 
e  =  full  speed  period. 

e'  =  minimum  allowable  total  period  of  the  controller. 
e"  =   "   acceleration  period  of  the  conti'oller . 
G  =  capacity  of  the  pump,  while  discharging  against  the  average 

working  head,  at  full  speed. 
a  =  absolute  cutting-out  pressure, 
b  =    »        "     in   "   . 

X'  =  air  cushion  at  cutting-in  point,  in  gallons, 
X  =   "     "     •*  minimum  pressure,  ••     •• 
V  =  amount  of  water  necessary  to  raise  the  pressure  from 
cutting-in  to  cutting-out  point,  gallons. 

It  was  shown  in  the  first  part  of  this  discussion  that 
the  controller  operates  most  frequently  when  the  demand  upon 
the  system  equals  ono-half  the  pump  capacity.   This  being  the 
case,  it  is  obvious  that  all  calculations  involving  the  total 
period  of  the  controller  should  be  made  with  such  a  discharge. 
It  has  also  been  shovm  that  the  pujnp  delivers  to  the  tank  during 
acceleration  period,  only  one-fourth  the  amovtnt   which  it  would 
deliver  in  the  same  time,  if  running  at  full  speed.   Thus 
three-quarters  of  the  acceleration  period  of  the  pump  is,  in 
reality,  lost  so  far  as  performing  work  is  concerned.  The 
work  done  on  the  tank  by  the  pump,  if  it  could  be  brought  to 
full  speed  instantly,  is  the  same  as  what  would  be  done  in 
the  total  period  minus  three-fourths  of  the  acceleration 
period.   We  will  call  the  frequency  minus  three-fourths 
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the  acceleration  period, the  equivalent  period.   Therefore, 

the  equivalent  period  equals 

e'  -  3/4  e"  =  ^ — "  ^Q   seconds. 
4 

The  pump  comes  to  rest  almost  instantly,  therefore  the  period 
of  rest  or  the  period  of  maximum  tank  discharge,  has  no  acc- 
eleration period. 

The  period  of  rest  =  one-half  the  equivalent  period 

=  4e'  -  Se"  seconds. 
8 
The  period  of  rim     =  one-half  the  equivalent  period  plus 

tlaree-fourths  the  acceleration  period. 

_  4e'  +  59"   seconds. 
8 
The  full  speed  period  of  the  pump  is  the  period  of  znin 

minus  the  acceleration  period.  Therefore 

e _ -  e  _  49  -  59  seconds. 

a  8 

The  equivalent  running  period  is  equal  to  the  full-speed 

period  plus  one-fourth  the  acceleration  period,  since  the 

pump  delivers  one-fourth  the  amount  of  water  to  the  tank  d-ur- 

Ing  acceleration  period  that  it  would  during  a  full  speed 

period  of  the  same  length.  The  equivalent  rimning  period, 

therefore  equals 

e  +  eV4  =  '^Q'  -  ^e"  +  e"/4  =  ^^\'   ^^"  seconds. 
8  o 

Since  the  pump  delivers  G  gallons  per  minute,  it  will 
deliver  g/60  gallons  per  second.   Since  the  demand  upon  the 
system  equals  one-half  the  pump  discharge,  the  pump  will 
deliver  one-half  its  discharge  throughout  the  equivalent 
rumiing  period.  The  water  delivered  during  equivalent  running 
period  is 
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V  =  1/2  X  G/60  X   l^l-ri^^  g<4e'  -  58")  gallons, 
o  960 

The  volume  of  a  gas  varies  inveraaly  with  its  absolute 

pressure,  or  PV  =  P'V*  .  (  Boyle's  Law),   Therefore 

aV 
bX'  =  a(X  -  V)  or  X»  =  ^  _  .^ — 

The  expression   ^^     does  not  take  into  accomat  the 
a  -  b 
loss  in  volume  of  water  in  the  tank  and  the  consequent  drop 

in  pressure  due  to  heavy  discharges.   Since  it  represents  the 
amount  of  water  necessary  to  raise  the  pressure  from  cutting- 
in  point  to  cutting-out  point,  it  is  constant  for  all  discharges, 
If  now  we  take  into  account  the  greatest  amount  of  water  which 
the  tanl:  can  lo^se  during  the  acceleration  period,  we  will 
have  provided  for  the  greatest  possible  drain  upon  the  system. 
The  greatest  drop  in  pressure,  during  acceleration  period, 
will  take  place  when  the  discharge  from  the  system  is  the  great- 
est which  the  eystera  can  stand  and  still  work  automatically. 

The  maximum  pump  discharge  per  second  =  G/60  gallons.  The 
pump  will  deliver  half  the  amount  during  acceleration  period 
which  it  would  d^iring  a  full  speed  period  of  the  same  length, 
therefore  the  tank  will  deliver  the  other  half  or  ~2 —  gallons 
during  the  acceleration  period. 

With  a  discharge  equal  to  the  pujnp  capacity,  the  system 
will  not  work  automatically,  owing  to  the  pump's  inability  to 
raise  the  pressure  in  the  tank  from  the  cutting-in  point  to 
the  cxitting-out .  Prom  our  data,  we  decided  that  90^  of  G  was 
the  maximiim  discharge  that  could  be  used.   The  v/ater  lost  dur- 
ing acceleration  period  therefore  equals   *^^® —  gallons. 

The  air  cushion  should  be  at  least  as  large  as  the  amount 
of  water  lost  during  one  complete  cycle,  therefore 
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^  ~  a  -  b    120 
Substituting  for  V 

aG(4e'  -  3e")    .9Ge» 
^  "  960<a  -  bj"      120 

It  will  be  suen  that  our  formula  is  basod  upon  the  actual 

cutting- in  pressure,  rather  than  upon  the  minirai.ua  point  to 
which  the  pressure  in  the  tank  drops.   In  some  cases  the  maxi- 
rmvca   and  ninimum  pressLires  desired  will  be  given  instes-d  of  the 
cutting- in  and  cutting-out  pressures.   In  such  instances,  the 
cutting-in  points  would  have  to  be  assumed  till  an  air  cushion 
was  found  which  would  allow  the  proper  drop  in  pressure.  After 
determining  the  air  cushion  for  any  given  cutting-in  pressure, 
the  minimujn  pressure  could  be  detormined  as  follows:-  The  vol- 
ume of  air  at  cutting-in  point  can  be  determined  from  the  ex- 

pression  ^  T ■•7— ^;  the  decrease  in  volume  can  be  determined 

y60(a  -  b) 

from  the  expression  •■^^^,  The  minimum  pressure  will  bear  the 
same  ratio  to  the  cutting-in  pressure  that  the  volume  at  the 
cutting-in  point  bears  to  the  total  air  cushion. 

As  a  check  upon  the  formula,  the  pressures  and  periods 
determined  in  the  tests  on  the  laboratory  equipment,  were  sub- 
stituted in  it.  The  acceleration  and  total  periods  were  obtain- 
ed from  the  log  sheets,  also  the  cutting-in  and  cutting-out 
pressures;  G  was  taken  at  500  gallons  per  minute.   The  results 
of  the  substitutions  showed  air  cushions  of  830,  1015,  750, 
665,  460,  and  685  gallons,  while  the  actual  cushions  used 
with  those  periods  were  1040,  1252,  854,  611,  407,  and  727 
gallons  respectively.  Prom  a  comparison  of  the  results,  it 
is  seen  that  the  formula  does  not  give  as  large  air  cushions 
in  case  of  the  larger  volumes,  while  with  the  smaller  ones,  the 
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theoretical  cushion  is  the  larger. 

The  comparison  would  go  to  show  that  the  formula  connot 

be  depended  upon  within  20^,  but  in  the  minds  of  the  writers, 

more  actual  comparisons  should  be  made  and  upon  different  sized 

pumps,  before  any  definite  conclusions  were  expressed.  Further 

tests  could  not  be  made,  however,  because  of  insufficient  time. 

The  expression,    ^^; r?— ^  +  T^   ,  represents  the  max- 

'   960(a  -  b)      120*    ^ 

im-um  air  cushion  necessary  for  a  given  installation,  since  it 
is  the  CLishion  at  minlraiira  pressure.  The  tank  should  be  made 
slightly  larger  than  the  required  maximum  air  cushion,  to  take 
care  of  any  errors  in  controller  periods,  pump  capacity,  or 
controlling  pressures.  For  example,  if  the  capacity  of  the 
tank  was  greater  than  that  credited  it,  the  tank  should  be 
larger  than  the  formula  would  show.   Then  again,  if  the  cutt- 
Ing-in  and  cutting-out  pressures  tvere  increased,  while  their 
difference  remained  the  same,  a  larger  air  cushion  would  be 
required.  The  exact  amount  of  excess  to  allow  could  be  left 
to  the  engineer  in  charge  of  the  installation,  but  the  writers 
suggest  that  about  10^  be  allowed. 
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